Microstructural investigation on Al, Al-llZn and Al-5Mg alloys deformed at high temperatures in torsion were conducted using POM, SEM with EBSI and EBSP as well as TEM. The results indicate that POM can be used to reveal subgrain structure for Al and Al-llZn, but mainly grain structure for Al-5Mg. For Al-5Mg, the real grain size with misorientation θ > 10°C, which is determined by EBSP, is smaller than that measured by POM. This suggests that POM may not reveal all large angle grain boundaries for strongly solution hardened alloys. In the order POM SEM and TEM they can be applied to reveal more information about subgrain structures for Al alloys. Inadequate observation by POM of subgrain structures for Al-5Mg may be explained by smaller subgrain size and higher internal dislocation density than those for Al, which arises from the solution hardening by Mg atoms.
INTRODUCTION
Formation of subgrains is the main process of dynamic recovery (DRV) during plastic deformation of aluminium alloys, to decrease stored energy. Subgrain boundaries produce a long range internal back stress that reduces the effective stress moving internal dislocations III. The remarkably high level of DRV hinders dynamic reciystallization (DRX) nucleation. On the other hand, the subgrain boundaries induce the local migration of the original large angle grain boundaries, resulting in serrations with half wavelength close to their spacing. The serrations become larger and more irregular with increasing deformation; when the amplitude becomes larger than the wavelength, a serration may pinch off at its root. More commonly, when the thickness of each grain, continuously decreased by plastic deformation, approaches twice the maximum amplitude, opposing serrations combine so that gradually equiaxed grains are created. This process proceeds without any nucleation and growth of dislocation-free grains during deformation. Occurring only by DRV and localised changes in the geometiy of original grains, the process has been termed geometric dynamic reciystallization (GDRX) /2-4/. In Al-5Mg, similar change in the grain geometry has been observed 151, which confirms that magnesium while it causes strong solution-hardening does not decrease the stacking fault energy and hence the level of DRV enough to lead to DRX.
In pure Al, polarised optical microscopy (POM) reveals clearly subgrains in the elongated grains and agrees with microstructures exposed by Scanning Electron Microscopy with Electron Backscattering Imaging (SEM-EBSI); both give subgrain sizes a little larger than in transmission electron microscopy (TEM) /2,3/. However, careful investigation of the POM micrographs in Al-5Mg shows that the size of POM contrast patches are much larger than the subgrain sizes in both SEM-EBSI and in TEM. Recently, a new mode of GDRX in Al-5Mg alloys has been confirmed; it differs from that in pure Al, which is based mainly on the POM patches being grains, consisting of many TEM subgrains, thus not subgrains as in pure Al /4,6-9/. The present work explains the variations in interpretation in Al and Al-llZn (class Μ materials) and in Al-5Mg (class A material) through systematic experimental investigations by POM, and by SEM with electron backscattering patterns (EBSP), as well as by TEM. This is described in the context of differences in subgrain formation in Al and Al-5Mg, since that is where it applies and can be understood.
EXPERIMENTAL TECHNIQUES
The investigation was conducted on a pure commercial Al (class Μ material) and Al-5Mg (4.8wt%) (class A material) with impurities of 0.02Si, 0.03Fe and 0.0002Mn. Al-llZn (10.88Zn) with impurities of 0.0049Si, <0.0009Fe (wt%) as a weakly solution-hardened Al alloy (class Μ material) was also used to investigate dislocation structures due to the pinning effect of Zn atoms during quenching after deformation. The materials were received as hotextruded rods with 16 mm diameter for Al and Al-5Mg and 13 mm for Al-llZn. POM shows that all experimental materials are fully recrystallised with grain sizes of about 90 μηι for Al, 130 μπι for Al-5Mg and 160 μηι for Al-llZn. Torsion test specimens were machined with a gage length (L) of 25.4 mm and radius (r) of 3.18 mm. All specimens were deformed in torsion to a surface strain of about 4 over the temperature (T) ranges 200 to 500°C and 0.001 to 5/s. The hydraulically-powered, servo-controlled machine with a frame from a lathe heats the specimens in a radiant furnace while they are being protected by argon. The strain is measured by a rotary potentiometer and the stress by a load cell mounted in the tail stock which is moveable in the axial direction. The specimens are threaded into the fixed end and are inserted into the rotating grip which is slotted. Each specimen is heated up to Τ and stabilised for 5 min before being inserted to the full depth of the slot. Graphite lubricant permits axial sliding during testing to prevent development of longitudinal tensile stresses. After deformation, the specimens are withdrawn longitudinally and quenched in water in a few seconds.
Microstructural investigations were conducted on a chord section at about 3/4r, thus at the lower values of strain (ε), strain rate (έ) and stress (σ) than on the surface of the specimens. However, the error for stress is within 10% for a stress exponent of 3 so that in the present work the surface value will be used to relate to microstructural characteristic size. In microstructural observations, POM SEM with both EBSI and EBSP and TEM were employed. The observed surfaces were polished initially mechanically and then electrolytically in an electrolyte of HN0 3 :CH 3 0H = 1:3 at -30°C and 10-15V for 50 sec. The electropolished surface was employed in SEM to investigate subgrain structures using EBSI and EBSP. The same electrolyte was also used to make TEM foils in TENUPOL-3. The polished surfaces of bulk specimens were additionally anodised in HBF 3 :H 2 0 = 1:200 at room temperature and 10-20V for 3 min, in order to enhance the contrast in POM. Moreover, on some polished specimens, grain boundaries were chemically etched in Keller solution at room temperature for 2 min, in order to compare the grain structure to the microstructures in POM. The sizes of crystallites in the micrographs obtained by the above mentioned techniques were determined by the mean line intercept technique. Each value of the size is the average from about 100 crystallites.
RESULTS
The microstructures observed by POM, SEM-EBSI and TEM in the specimen of Al-5Mg deformed at 773 Κ and 0.01 /s («20MPa) to ε » 3.6 are shown in Figure  1 . All micrographs reveal equiaxed crystallites. The size of the crystallites in optical microscopy for the specimen either anodised ( The size in EBSI is between those in POM and TEM, the latter is considered to reveal all grain (large angle) and subgrain (small angle) boundaries in Al alloys. Table 1 shows the absolute values and the ratios of sizes in one to another technique as well as of sizes in single to multiply examined specimens either by rotating in POM (i/poM^poM 3 ) or tilting in EBSI (^EBsi/^EBsr 1 ) measured from micrographs as shown in fig.l . In a radically different technique, ^EBSP is determined as the quotient of total length divided by the number of points with the misorientation (Θ) larger than 10° in terms of a misorientation distribution such as shown in Fig. 2 . The boundaries with θ>10° have often been defined as large angle boundaries 121 and the value of d msi = 32 μτη in the Al-5Mg can be considered to be the real grain size. Thus, d^ou = 47 μπι is larger than the real grain size by a factor of about 1.5. After rotating the specimen to three different angles relative to the polarizer axis, POM size has been measured from the composite including all boundaries in the three micrographs. The results show 4ΌΜ 3 = 31 Mm « ί/EBSp, indicating that POM can be applied to reveal the real grain size by means of multiple rotations. EBSI crystallite size of C?EBSI = 29 μπι is in the region of grain size as defined above. However, Vol. 17, No. 4, 1998 δί/χΕΜ » 155 μιη obtained from the ratio determined for Al-Mg specimens deformed at lower temperatures (i.e., higher stresses), but much higher than </TEM = 19 μπι IM. An associated phenomenon is that the EBSI size d mS p « 72 μιη is nearly the same as the POM size, indicating that for deformation under very low stresses Garge subgrain sizes), POM and EBSI are equivalent techniques to reveal partial subgrain boundaries in a large field of view. The ratios of crystallite sizes measured in Al, Al-
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llZn and Al-5Mg-0.6Mn are also shown in Table 1 . For pure Al and Al-llZn which behave with class Μ deformation, flow stress is much lower, and thus subgrain size larger and dislocation density lower than for Al-5Mg at a given condition. In this case, POM reveals somewhat less subgrain boundaries than EBSI (^pom/^ebsi ~ 1.3), indicating that POM can be used to investigate subgrain boundaries in the same way as EBSI. However, the ratio «/eW^tem £ 2 for Al and Al-1 lZn means that even for class Μ materials, POM does not reveal all subgrain boundaries. Figure 5 shows an example of subgrain structures in a) POM, b) EBSI and c) TEM for the Al-llZn specimen listed in Table 1 .
Figs 5a and b show POM and EBSI micrographs for the same place and obviously, many subgrain boundaries can be observed in POM, while being somewhat less than in EBSI. The comparison of figs 5a (POM) and 5b (EBSI) to 5c (TEM micrographs) shows that about 65% of subgrain boundaries have not been observed in POM and EBSI (Table 1) .
The above results were confirmed by an investigation of a statically recrystallised specimen of Al-5Mg-0.6Mn deformed in hot multistage torsion and then annealed at a high temperature /ll/. In this specimen there are essentially no small angle subboundaries and thus ^ebsi / ^ebsi 4 ~ 1 (Table 1) . ^pom/c^bsi = 1.5
and d f0M /d ms¥ =1.3 indicate again that POM does not reveal all the grain boundaries.
DISCUSSION
The results obtained in the present investigation demonstrate that POM is a convenient technique to reveal grain and subgrain structures in pure Al and AI-1 lZn (class Μ materials), but mainly grain structure in Al-Mg (class A materials). These results are related to deformation conditions. At very low stresses (very high temperatures or/and very low strain rates), the subgrains are very large and internal dislocation density is very low, so that one can observe subgrains in POM, even for Al-5Mg (Fig. 4) . At lower Τ (or higher strain rate) for the smaller sizes revealed by TEM only a wood "grain" structure is revealed by POM /13,14/. Moreover, the POM structure varies considerably with crystallographic orientation relative to the section examined while the TEM shows similar subgrain sizes /13,15/. The difference of criterion for observing subgrains in Al and Al-5Mg may result in a misinterpretation of microstructures with crystallite size in the regime of 4 μιη < d < 10 pm for both pure Al and Al-5Mg. For pure Al deformed under conditions that produce subgrains with d > 4 pm, the grains appear elongated when their thickness is larger than 3 times subgrain size, i.e., 3d. When grain thickness is less than 2d, the POM crystallites are equiaxed subgrains but many boundaries are the original high angle ones. In both cases the specimens undergo a DRV process, but in the latter they also undergo GDRX. On the other hand, for Al-5Mg the crystallites with sizes 4 pm < d < 10 pm in POM are mainly grains as a result of the specimens having undergone GDRX.
The SEM-EBSP is a convenient technique for more exactly determining grain size for Al-Mg because it gives information about orientations of the crystallites. From these, misorientation of neighbouring grains can be easily calculated. After defining a value for classifying boundaries into large angle grain boundaries and small angle subgrain boundaries, one can find the size of grains with misorientation larger than this criterion, and thus determine the large angle grain size. This grain size determined by EBSP is reasonably considered to be the real grain size. Therefore, the sizes of equiaxed ciystallites determined by POM is over-estimated by a factor of about 1.5. This is confirmed by rotating the specimens in POM which provides a crystallite size similar to that determined by EBSP. The over-estimation of grain size by POM arises from the demarcation of boundaries in POM being strongly dependent on the relative orientation of epitaxial oxide layers to polarised light. For Al alloys, the contrast of different grains is produced by the varied geometric texture of the anodised oxidation film, which is dependent on the orientation of the grains relative to the polished plane /15/. For two neighbouring grains with nearly the same orientation, the oxidation films from anodising are nearly the same, and thus the contrast in POM may not be visible. Use of colour through a quarter wave plate can improve this; however, colour photography is more costly and publishing more difficult /14,16/. There is also the Vol. 17, No. 4, 1998 
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problem that in the stereographic triangle, contrast variation is closely related to the pole location between <111> and <110> but becomes indeterminate as the pole approaches the <100> /10,15/. The phenomenon of GDRX was first noted in Al subjected to high strain in hot torsion; equiaxed subgrains of constant size and misorientation were observed up to high strains (ε = 16 111 and ε = 60 /10/). At 400°C and 0.2/s with subgrains of about 7 μηι and grain boundary serrations with amplitude and half wavelength of similar size, grains of 100 μηι became elongated and reached an average thickness of about 2d at a strain of 10 l\0l. Opposing serrations combined, pinching off the grains so they became progressively shorter with rising strain. The original grain boundaries were very sinuous and no longer distinguishable; the equiaxed crystallites had perimeters of which about one third were high angle grain boundaries. Grains of 2000 μιη with similar subgrains appeared clearly elongated and containing equiaxed subgrains up to strain of 60 HOI. Under similar conditions (Τ, έ , Ζ), subgrains of Al-5Mg are about one fifth those in Al; however, the POM crystallites and the serrations are about the same size. Each serration may have been started during the lengthy transient when subgrain boundaries were more widely spaced. The additional intervening subgrain boundaries serve to pull each undulation into a very billowing form. Such an irregular serration may pinch off at its base becoming a circular crystallite, containing dozens of subgrains. As described by Humphreys and Drury /8,9/, these crystallites have often been mistaken for classical DRX grains but there has been no nucleation and growth /ll,16,17/. On further straining, the crystallites do not grow but rotate in a different manner from the parent grain as they are constrained by the surrounding grain. Ultimately they contribute to the pinching off in the GDRX process. Because of the greatly enhanced grain boundary area, it is expected that static recrystallisation would be enhanced after GDRX. In commercial products of strongly solution hardened alloys such as Al-5Mg, GDRX leads to development of very fine equiaxed grains that may be applied subsequently in superplastic forming.
CONCLUSIONS 1. TEM is a technique that reveals nearly all
boundaries under a wide range of conditions for Al alloys. 2. POM is a convenient large field technique for investigating subgrain and grain structures in pine Al and Al-1 lZn, which exhibit class Μ behaviour in hot plastic deformation, when the sizes are larger than 4 μηι. However, even then, more than half the subboundaries are not demarcated. In Al-5Mg, which shows class A plastic deformation behaviour, POM reveals mainly grain structures if subgrain sizes are smaller than 10 μιη. For the specimens with the subgrain sizes larger than 10 μιη, having been deformed at very low stresses (very high temperature or/and very low strain rates), subgrain structure can be observed in POM to be the same as for pure Al and Al-1 lZn.
3. SEM with electron backscattering technique reveals both grain and subgrain boundaries. EBSI can be used to investigate qualitatively, but not quantitatively, subgrain structure in the materials of both classes such as pure Al and Al-5Mg. EBSP can reveal all the high angle boundaries (>10°) and hence the true grain size. 4. POM grain sizes are over-estimated by a factor of about 1.5 because it is not possible to reveal all boundaries. The real grain size can be determined by EBSP or by multiply rotated specimens in POM.
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